Geometric confinement effects on the metal-insulator transition temperature and stress relaxation in VO2 thin films grown on silicon
(Received 3 October 2012; accepted 30 January 2013; published online 13 February 2013) Temperature dependent dielectric spectroscopy measurements on vanadium dioxide thin films allow us to distinguish between the resistive, capacitive, and inductive contributions to the impedance across the metal-insulator transition (MIT). We developed a single, universal, equivalent circuit model to describe the dielectric behavior above and below the MIT. Our model takes account of phase-coexistence of metallic and insulating regions. We find evidence for the existence at low temperature of ultra-thin threads as described by a resistor-inductor element. A conventional resistorcapacitor element connected in parallel accounts for the insulating phase and the dielectric relaxation. Materials that undergo a metal-insulator phase transition (MIT) often exhibit unconventional electronic properties. Since in many cases these transitions are first order, inhomogeneity and phase coexistence play a crucial role. [1] [2] [3] Since these may be the basis for novel electronic devices, a fundamental understanding of the transition mechanism and the concomitant changes in the dielectric properties are crucial to optimize device performance.
Vanadium dioxide (VO 2 ) exhibits a prototypical MIT, with the following key features: (1) A sharp structural-phase transition from a low-temperature, insulating, monoclinic phase to a high-temperature, metallic, rutile phase occurs. 1 (2) Phase-coexistence of metallic and insulating domains at the nano-scale near the MIT leads to percolation and avalanches. 4,5 ( 3) The MIT can be induced with light, pressure, and an electric field, which changes the phase-equilibrium of the coexisting phases. 1 All these properties may be utilized in potential applications of VO 2 in the electronic industry, for example, in the next-generation resistive nonvolatile random access memories (RAM). 6 The phase-coexistence in VO 2 across the MIT is particularly intriguing, because the metallic phase starts to form locally far below the macroscopic MIT in the form of persistent metallic domains within the insulating matrix. 7 It was argued from current-voltage measurements that a thermal filament or thread forms at large enough bias voltage (see for example Ref. 8 and references therein). The thread diameter depends on the applied electric field, which manipulates the equilibrium between conducting threads and surrounding insulating areas. Several decades ago the formation of VO 2 conducting threads was simulated using an equivalent circuit in which the threads were modeled by a series resistor-inductor (R X L X ) element connected in parallel with a standard resistor, where the latter accounts for the surrounding insulating matrix. 9 This approach, however, was not followed up possibly because it ignores all capacitive contributions to the dielectric properties. Therefore, a coherent and satisfactory description of the complex dielectric data across the VO 2 transition is still not available. Here, we show that the series R X L X element properly represents the conducting threads if it is connected in parallel to a standard RC element. Such standard RC element consists of a resistor and capacitor connected in parallel, and is well known to be of fundamental importance for the description of standard dielectric relaxations. 10 The equivalent circuit used here can account for the in-plane dielectric response of VO 2 thin films. Below the MIT, the model reveals the existence of a highly inductive component. This inductance is a direct proof of the existence of ultra-thin conducting threads. Above the MIT, it describes large percolating conducting areas, which is reflected by a large inductance. These results have implications for the theoretical understanding of the MITs in general. In addition, our model provides a framework for quantitative analysis of the VO 2 MIT and its dielectric response, and how it may affect the performance of electronic components based on these materials.
We deposited VO 2 thin films by reactive RF magnetron sputtering from a 99.8% vanadium target (1.5 in. diameter) on r-cut (10 12) sapphire substrates. The deposition was carried out in a high-vacuum chamber with a base pressure of 5 Â 10 À8 Torr using a mixture of ultra-high purity (UHP) argon and oxygen sputtering gases. The single-phase VO 2 films were characterized by X-ray diffraction using CuKa radiation and energy-dispersive X-ray spectroscopy. The measurements indicate that the VO 2 is textured along the (00l) plane and is highly crystalline. A nearly five orders of magnitude change in the dc resistance close to 330 K signals the MIT, consistent with previous work.
In-plane impedance spectroscopy (IS) was performed using an HP 4194 A Impedance analyzer in the 100 Hz to 10 MHz frequency range on a custom-built temperaturecontrolled sample stage. A 0.5 V voltage amplitude produced a low signal-to-noise ratio. Copper wires (0.1 mm diameter and 10 cm length) were attached to the sample using (99.99% pure) indium contacts. Prior to connecting to the sample, open-circuit and short-circuit tests were performed to minimize parasitic contributions from the measurement setup. Conventionally, IS measurements are performed in out-ofplane parallel plate capacitor configuration, where the electric field lines are mostly perpendicular to the film surface. 11 However, in VO 2 films this set-up is inadequate, because it results in low film resistance below the resolution limit above the MIT. The alternative in-plane arrangement of top-top electrodes leads to higher and measurable resistance values due to the larger macroscopic distance between the electrodes (see Fig. 1(a) ). The long current path across the sample is shown here to be also an ideal way to probe the formation of ultrathin conducting threads.
IS is a well-established tool for the characterization of a large range of solid-state phenomena such as MITs, e.g., in ZnO nano-powders, 12 for probing resistive switching in NiO and TiO 2 thin films, [13] [14] [15] measure magneto-impedance in MgO tunnel barriers 16 and BiMnO 3 thin films, 17 and determine surface passivation in silicon. 18 In each case, IS gives relevant information about the resistive, capacitive, and inductive behaviors of separated intrinsic and extrinsic dielectric relaxation processes in the sample. Fig. 2 shows IS spectra collected below the MIT (T C % 333 K) upon heating, where the data are plotted as the negative imaginary vs. the real part of the impedance ÀZ 00 vs. Z 0 . In such complex impedance plane plots, one or more semicircles occur in case of a perfect parallel plate capacitor measurement; one semicircle each for one series dielectric relaxation such as extrinsic Maxwell-Wagner interface and intrinsic film contributions. 10 Careful examination of Fig. 2 reveals that at intermediate/high frequencies, the semicircles are slightly extended on the ÀZ 00 axes, i.e., somewhat "elongated," which is atypical for parallel plate capacitor measurements and cannot be modeled solely using standard RC elements.
Therefore, we used the alternative equivalent circuit depicted in Fig. 1(b) , which produces excellent fits at all frequencies as indicated by the solid lines. Physically, the R-C branch accounts for the insulating phase within the film, where the use of a standard RC element points towards a standard dielectric behavior. The unusually "elongated" behavior can be fitted by adding a series R X L X branch, in parallel to the conventional RC element ( Fig. 1(b) ). As mentioned above, the use of the R X L X branch has been suggested before to account for the coexistence of conventional insulating areas and conducting domains in the films. 7, 9 The parallel arrangement of the conventional RC and additional R X L X branch may suggest a predominantly parallel arrangement of such two phases.
The IS collected above the MIT is presented in Fig. 3 on ÀZ 00 vs. Z 0 axes. The imaginary impedance Z 00 is now positive, because the spectra are dominated by the inductor L X . The model remains the same except that now the resistor R is too large (compared to the other impedances), and is therefore not reflected in the spectra. Percolation of large metallic domains across the film is the simple explanation for the lack of sensitivity to the large insulating resistor R, where the conducting areas are no longer filamentary.
The validity of our universal model is further assessed in Fig. 4 , where the real part of the conductivity is plotted versus frequency, f. 19 The MIT appears as a conductivity jump from %8 Â 10 À6 at 330 K to %1.8 Â 10 À2 at 337 K. In this notation, the curves taken above and below the MIT resemble each other, justifying the use of the universal circuit model. In both cases, the curves show two distinctively different regimes separated by the dotted line in Fig. 1(b) . approximately f independent, indicative of a standard dielectric relaxation as represented by an RC element. (B) At intermediate/high frequency, r 0 vs. f curves show a decrease, which is unusual and inconsistent with standard dielectric theory in terms of the brick-work layer model, applicable to classical parallel-plate capacitor measurement used for dielectric materials. 16 Such behavior is typical of inductive contributions, leading to decreasing conductivity at high f. At low/intermediate frequency, the electrical current may flow in parallel through the insulating (RC) and the conducting (R X L X ) domains. At higher f, the conducting domains exhibit increasing impedance due to inductive effects (L X ) and the current passes mainly across the insulating film areas, leading to the observed drop in r 0 at high f.
Figures 2-4 demonstrate unambiguously that the dielectric data presented as impedance ÀZ 00 vs. Z 0 and conductivity r 00 vs. f can be well modeled by our RC-R X L X circuit leading to a good fit at all frequencies across the MIT. In order to gain further confidence in our model, we attempted to forcefit the data to a single RC model at low and intermediate f, which produced significantly higher data scatter in the R vs. T curve than for our advanced model. This is a further strong indication for the need of our universal model, including two resistors, capacitor, and inductor.
All fitted parameters extracted from our model are shown in Fig. 5 , where each point in the curves represents a fit at a specific temperature with the fitting-convergence criteria (v 2 ) kept below 10 À4 . The vertical dotted line (red online) at 334 K separates the two different regions below and above the MIT. The equivalent sample resistance R EQ for all temperatures was calculated from the fitted resistor values according to 1/R EQ ¼ 1/R þ 1/R X and compared to the dc resistance as shown in Fig. 5(a) . R EQ below and above the MIT agrees quantitatively with the independently measured dc resistance, which lends further confidence to the correctness of our model. Above the MIT, we used R EQ ¼ R X .
Below the MIT, R and R X decrease monotonically as the temperature increases as shown in Figs. 5(b) and 5(c). Once the MIT is reached, R X undergoes a sharp drop by more than four orders of magnitude as a manifestation of the breakdown of the insulating matrix. FIG. 3 . IS data collected above the MIT, plotted as the negative imaginary vs. real part of the impedance (ÀZ 00 vs. Z 0 ). Open symbols indicate the data; solid (black) lines represent the fit of the data to the model shown in Fig. 1(b) . It is interesting to note that R and R X are of the same order of magnitude below the transition. One may assume low resistance of the "conducting" phase R X , which is not what we observe. R X appears in fact quite similar to the insulating areas R, which may confirm previous claims that the conducting phase may form ultra-thin threads. 20 It was further suggested that these filaments grow with temperature, in agreement with the standard phase-coexistence present in a 1st order phase transition. 11, 21, 22 From these arguments and our findings, it seems plausible that below the MIT electrical current may flow both within the conducting filaments and across the insulating film areas in a parallel configuration, which may highlight the competition between insulating and conducting domains and explain the similar resistance in R and R X . Above the MIT, the model provides a lower limit for R (10 4 X), indicated by the dashed line in Fig. 5(b) . Fig. 5(d) depicts the device capacitance C, extracted from the model, which slightly decreases as temperature increases and then shows a sharp upturn at the MIT. Interpretation of the capacitive results is difficult, since the field lines of the applied ac electric field are not parallel (see Fig. 1 ) and C may contain contributions from the film and substrate. Furthermore, the changes in capacitance may not necessarily reflect intrinsic changes in the film dielectric permittivity, but could be caused by the development of filaments, which changes the effective current cross section between the two electrodes. Fig. 5 (e) depicts the temperature dependence of the inductance L X . Below the MIT, a large %0.3 H inductance is detected. This may be consistent with the presence of metallic domains in the VO 2 film well below the MIT as suggested by earlier first order reversal curve (FORC) measurements. 7 The slow decrease of L X below the MIT suggests that the conducting domains grow in size with increasing temperature. The large inductance drop by six orders of magnitude at the MIT may indicate the disappearance of the filaments above the MIT and percolation of large conducting domains as expected in the metallic phase.
In conclusion, in-plane IS measurements were performed in high quality VO 2 thin films to investigate the temperature dependence of the frequency dependent dielectric response. A universal impedance model describes quantitatively the complex dielectric data above and below the MIT. The model includes a conventional RC circuit to account for insulating areas and an inductive branch R X L X in parallel to describe filamentary conductive domains, which become dominant at higher frequencies. As a consistency check, the resistive part extracted from the model is in good quantitative agreement with independently measured dc resistance measurements. The equivalent capacitance increases and the inductance decreases substantially with increasing temperature across the MIT. These results confirm the existence of ultra-thin, highly conductive domains well below the MIT, which grow in size with increasing temperature and coalesce above the MIT.
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